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(57 ABSTRACT

A lattice file using mignetic bubble domains which are
arranged in a regular lattice which is moved or ex-
panded to allow different operations, without requiring
the need for bubble domains to be entered into or re-
moved from the lattice. This distinguishes from prior
lattice files where new information is entered into the
lattice and information to be read is removed from the
lattice. In a first embodiment, the inherent stability of
the lattice is utilized by providing high density lattice
for storage and a relaxed (expanded) lattice for opera-
tions such as read and write. Thus, the spacings between
the elements in the lattice are changed but their relative
positions in the lattice are not changed. In a second
embodiment, the lattice is shifted without substantially
changing the inter-element spacing and information is
written and read from bubble domains magnetostati-
cally coupled to the lattice domains. In both embodi-
ments, the lattice is retained so that elements do not
have to be brought into and out of the lattice for the
performance of memory.and storage functions.

31 Claimé, 18 Drawing Figures
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BUBBLE LATTICE FILE USING MOVABLE FIXED
LATTICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to lattice systems for storage of
information, and more particularly to a lattice system
using interactive elements where the lattice is expanded
or shifted to provide various functions, without the
need for taking elements from the lattice or putting
elements into the lattice.

2. Description of the Prior Art

Lattice file systems have been described previously in
copending application Ser. No. 395,336, filed Sept. 7,
1973 now abandoned. These lattice systems are charac-
terized by extremely high density storage in which
interactive elements are crowded closely together to
provide high capacity, high density storage. Because
the lattice is a regular arrangement of interactive ele-
ments, each of the elements has to be coded in order to
represent information. For instance, magnetic bubble
domain lattices are described in that application where
the coding is generally in terms of the wall magnetiza-
tion properties of the individual bubble domains. Thus,
the lattice system can be used as an information han-
dling system having very high density.

In the lattice system described in that copending ap-
plication, information is written into the lattice by enter-
ing new bubble domains into the lattice. The read oper-
ation is performed by removing bubble domains from
the lattice and then detecting the different properties of
the individual elements. To improve the average access
time for information in the lattice, a column accessing
scheme has been described in copending application
Ser. No. 429,601, filed Jan. 2, 1974. This column access-
ing scheme uses a plurality of input and output ports for
removing information from the lattice and placing new
information into the lattice. Thus, the bubble domain
lattice can be shifted in one direction to bring a column
of elements into the appropriate input/output channel,
after which these elements are removed from the laitice
in a direction transverse to the original shifting direc-
tion of elements within the lattice. In general, the aver-
age access time to any element in the lattice is improved
by a factor related to the number of input and output
ports provided. Again, this improved accessing scheme
relies on putting elements into the lattice and removing
them from the lattice.

As was mentioned previously, all positions in a lattice
have to be filled in order that the lattice be stable. This
means that individual elements in the lattice have to be
coded if they are to represent information. In the case of
magnetic bubble domain lattices, and systems using
these lattices, various types of coding arrangements
have been utilized, most of which rely on the different
properties associated with the wall magnetization states
of the bubble domains. Such different coding schemes
are described in aforementioned Ser. No. 395,336 and
are additionally described in copending application Ser.
No. 375,285, filed June 29, 1973 (now U.S. Pat. No.
3,899,779) and copending application Ser. No. 375,289,
also filed June 29, 1973 (now U.S. Pat. No. 3,890,605. )
Another type of coding technique used in combination
with the bubble domain lattice is exemplified by copend-
ing application Ser. No. 449,308, filed March 8, 1974,
now U.S. Pat. No. 3,996,571. In this type of coding, the
bubble domain lattice is used as a conveyor for informa-
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tion bubble domains in another magnetic medium,
where the information bubble domains are magneto-
statically coupled to the bubble domains in the lattice.
The bubble domains in this other medium are the infor-
mation carriers and they are coded in terms of presen-
ce/absence, as is conventionally done in bubble domain
systems. Since the information bubbles are magnetically
coupled to the lattice bubbles, movement of the lattice
bubbles will cause movement of the information bub-
bles. Additionally, the information bubbles will have a
density determined by the lattice bubbles so that high
density storage is provided, without requiring the more
complex coding techniques which are used when the
lattice bubble domains are themselves coded.

The present invention provides a technique which
overcomes problems associated with having to access
interactive elements in a lattice. In the present tech-
nique, interactive elements do not have to be removed
from the lattice and do not have to be entered into the
lattice in order to provide the read/write functions.
Additionally, block accessing of information can be
obtained, or information can be obtained in a row by
row fashion. This enhances the average access time for
information. Also, the present technique relaxes mar-
gins which are placed on operations using a bubble
domain lattice, since, as will be seen, many of the func-
tions performed in lattice systems will be more easily
performed because the lattice itself is relaxed. This may
also aid in providing less coercivity since the movement
of a plurality of bubble domains in a tightly packed
array is no longer a requirement of the system. Addi-
tionally, different types of coding can be used in the
present technique and multiple bubble domain layers
can also be utilized.

Accordingly, it is a primary object of the present
invention to provide an improved system using lattices
of interactive elements, where the lattice can be main-
tained during the operation of such systems.

It is another object of this invention to provide a
magnetic bubble domain lattice system, where a lattice
of bubble domains is maintained while the spacings
between bubble domains in the lattice is changed.

It is a further object of this invention to provide im-
proved systems using lattices of interactive elements
which have relaxed operational margins for the per-
formance of various functions.

It is a still further object of the present invention to
provide techniques for using lattices of interactive ele-
ments where the average access time for information is
minimized, and in which block accessing can be pro-
vided.

It is another object of this invention to provide an
improved lattice system using interactive elements,
where different types of information coding can be
easily used.

It is another object of the present invention to provide
information handling systems using magnetic bubble .
domain lattices, where the inherent flexibility and stabil-
ity of such lattices is directly utilized.

BRIEF SUMMARY OF THE INVENTION

In the present invention, lattices of interactive ele-
ments are provided in which the basic properties of the
lattice are utilized to provide improved system opera-
tion. Incontrast with the prior art lattice systems where
interactive elements are moved into and out of the lat-
tice, the present invention seeks to maintain the lattice
as such, but moves the lattice by either a shifting opera-
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tion or an expansion/contraction operation, maintaining
the lattice at all times. Thus, in the first embodiment, the
lattice is shifted while maintaining approximately the
same spacing between elements, while in a second em-
bodiment, the spacings of the interactive elements are
changed for the performance of various system func-
tions. Therefore, high density storage can be obtained,
while functions such as read/write can occur when the
lattice is relaxed so that the individual elements in the
lattice are almost isolated from one another. This means
that these other operations, such as read and write, can
be performed with improved bias margins and without
requiring complex circuitry and tight operational toler-
ances.

In one embodiment using magnetic bubble domains as
the interactive elements, information is retained in the
form of coded bubble domains in a regular lattice ar-
rangement. During storage, the bubble domains are
maintained in a densely packed lattice, where the bub-
ble-bubble spacing is, for example, approximately 1.35d,
where d is the bubble domain diameter. When the lat-
tice bubble domains are to be sensed, the lattice is ex-
panded in either one or two dimensions so that the new
lattice spacing is larger. For instance, a new lattice
spacing of approximately 3d is suitable. However, the
lattice is maintained during this expansion operation so
that the relative positions of the domains with respect to
one another is maintained in order to provide integrity
of information storage. As is apparent, the lattice spac-
ing when the lattice is relaxed (expansion) is such that
the domains are almost isolated from one another, from
the standpoint of their interactive effects. Thus, opera-
tions can be performed on the domains in this relaxed
state more easily than when domains are tightly packed
with respect to one another. The geometry and area of
the components required for writing and reading are
therefore relaxed from what they must be when these
components are designed to detect closely packed bub-
ble domains. Additionally, because the domains are
now spaced quite far from one another, they can be
directly sensed by the sensing array, without requiring
that individual domains be removed from the lattice.

After sensing, the lattice is again contracted to its
high density state to enable high density storage. If
desired, bubble domains can be easily removed from the
lattice while it is in its relaxed state, or any intermediate
state between relaxed and contracted, and new informa-
tion can be entered into the lattice. This is more easily
achieved with less tight margins because the lattice is
more relaxed and the bias field requirements, shift regis-
ter design, etc., are therefore less stringent.

In the present system, bubble domains can be coded in
any of the ways known in the prior art. For instance,
techniques will be shown using bubble domains coded
in terms of their wall magnetization, and also coded in
terms of the presence and absence of such domains.

In a second embodiment, the bubble domain lattice is
shifted without necessarily changing the inter-element
spacing. A second bubble domain layer is provided
which contains the information domains. Structure is
provided for generating and annihilating domains in
that information layer and also for sensing domains in
the information layer. Thus, the lattice is shifted to
bring information domains in another layer into various
work areas where normal memory functions can be
accomplished. This second embodiment also has advan-
tages in that the average access time for read-out of
domains is lowered and no in-plane magnetic field capa-
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bility is required. In addition, use is made of a large
portion of the magnetic medium for dense storage,
rather than requiring the use of great amounts of area
for memory functions other than pure storage. Also,
non-destructive readout can be easily accomplished and
the lattice configuration is maintained at all times,
thereby eliminating the need for additional circuitry
required to remove and re-enter bubble domains into
the lattice.

In the description of the preferred embodiments, mag-
netic bubble domains will be used as illustrative exam-
ples for interactive elements. However, it should be
noted that any type of elements which interact with one
another can be utilized, as is more completely described
in aforementioned Ser. No. 395,336. Thus, any elements
having stray fields associated therewith which interact
with the stray fields of other elements, can conveniently
be utilized.

These and other objects, features, and advantages of
the present invention will be more particularly de-
scribed in the forthcoming description of the preferred
embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is an illustration of a lattice of interactive
elements which are closely packed for high density
storage, while FIG. 1B is an illustration of the same
lattice which is not relaxed so that the spacing between
the interactive elements is greater.

FIG. 2A is an illustration of a closely packed lattice
while FIG. 2B is an illustration of the same lattice
where the spacings between the interactive elements is
greater, the lattice of FIG. 2B being relaxed along a
single dimension.

FIG. 3 is a schematic diagram of a structure suitable
for providing closely packed lattices and sparsely
packed lattices, i.e., a structure for contracting and
expanding the lattice.

FIGS. 4A and 4B show parts of the current wave-
forms used in the structure of FIG. 3, for contraction
and relaxation of the lattice, respectively.

FIG. 5 is a schematic illustration of structure which
can be used to provide new interactive elements in the
lattice or to remove interactive elements from the lat-
tice.

FIG. 6 is a side view of a magnetic bubble domain

system using a flexible lattice, illustrating the position of

various layers used to perform certain functions in the
system.

FIG. 7 is a schematic illustration indicating the rela-
tive locations of the bubble domain lattice layer and a
sense chip having a sensor array thereon for detection
of bubble domains in a relaxed lattice.

FIG. 8 schematically illustrates another technique for
sensing bubble domains in an expanded lattice, where a
scanning bubble domain in an overlying scan chip is
utilized.

FIG. 9 is a schematic illustration of the use of an
expandable lattice, together with a separate magnetic
layer which contains information bubble domains mag-
netostatically coupled to bubble domains in the flexible
lattice.

FIG. 10 is a side view of a composite array of films
used to provide a system having a movable bubble do-
main lattice, where information domains are present in a
second magnetic layer.

FIGS. 11A and 11B are schematic illustrations of the
chip organization in the structure of FIG. 10, illustrat-
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ing the storage lattice and the work areas in which
various functions, such as read and write, are per-
formed. Different techniques for shifting the lattice are
shown in these figures.

FIG. 12 illustrates the electrical connections and
structure used to provide a write chip for either gener-
ating or annihilating magnetic bubble domains in an
information layer of bubble domains. »

FIG. 13 is an illustration of structure used to provide
a sensing array for reading of magnetic bubble domains
in an information layer magnetically coupled to bubble
domains in a movable lattice.

FIG. 14 is a schematic illustration of a lattice file
system using a movable fixed lattice, where the drawing
indicates the relative positions of the write circuitry of
FIG. 12 and the read circuitry of FIG. 13.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

General Theory

Since the general concept of lattice storage systems

has been adequately described in the aforementioned
copending applications, only a minimum amount of
detail relative to those systems will be provided herein.
Generally, it should be noted that a lattice of interactive
elements can be established where the elements them-
selves are spaced from one another and wherein the
elements have positions and spacings détermined by
interactions occurring between the elements. Thus, the
elements can be brought close to one another to provide
high density storage with a maximum amount of inter-
active forces. These elements can be removed from the
lattice or placed in the lattice by the application of
‘forces due to external structure.
" For instance, lattice systems of magnetic bubble do-
mains are described in the copending applications
where confinement means is used to confine a lattice
array of bubble domains in a certain region of the mag-
netic material in which the domains exist. Within the
lattice array, there is no structure of the type ordinarily
associated with bubble domain memories. For example,
no magnetic structure, such as T and I bars, is required
to determine the positions of the bubble domains within
the lattice and to move the bubble domains within the
lattice. In the presence of the confinement forces pro-
duced by the confinement means, bubble domains can
be moved into and out of the lattice in order to write in
new information and to remove bubble domains for
reading of the information which they represent.

In the present invention, movable lattices are pro-
vided for information handling systems where it is not
necessary to have to access information from a tightly
packed lattice. That is, the magnetic bubble lattice is
maintained but the interactive spacing between the
elements in the lattice is varied to allow performance of
various memory functions, such as read and write. Ac-
cordingly, a large amount of area of the magnetic chip
is used for storage of information and the lattice is re-
laxed in order to access information from it. This means
that the lattice spacing is adjustable in the present inven-
tion in the manner of a spring which can be adjustably
tensioned in order to provide proper operating condi-
tions.

In a second embodiment, the lattice is shifted without
necessarily changing the lattice spacing and an area of
the magnetic chip is provided for various working func-
tions, such as read and write. Information is contained
not in the lattice domains but rather in information
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6

domains in a second magnetic layer. The domains in the
information layer are magnetically coupled to the lat-
tice domains and therefore are moved into and out of
the work areas where functions such as read and write
occur. This enables block access of information and
allows more efficient use of the magnetic chip for stor-
age of information. Further, the non-storage functions
(read, write, annihilate, etc.) which are generally more
expensive to provide and require more complex cir-
cuitry, are fabricated entirely separately from the lattice
itself.

VARIABLE SPACING LATTICE
FIGS. 1A, 1B, 2A and 2B

In these figures, a magnetic medium 20 has a lattice
array of bubble domains B therein. The magnetic me-
dium is any magnetic medium capable of supporting
magnetic bubble domains, and includes, for example,
materials having garnet structure as well as amorphous
magnetic materials. In FIG. 1A, a closely packed lattice
is shown where the center-to-center spacing of elements
in the lattice is given by the distance g, which is approxi-
mately 1.3d, where d is the diameter of the bubble do-
mains. A tightly packed lattice of bubble domains such
as shown here, provides high density, high capacity
storage.

In FIG. 1B, the same lattice elements are shown ex-
cept that the distance between the elements has been
expanded. In this case, the center-to-center spacing a’ of
the domains is approximately 3d. The relative positions
of the domains with respect to one another is the same
and the only difference between the two lattices is that
the lattice of FIG. 1B is a relaxed (expanded) version of
the lattice of 1A, Also, the diameters of the domains in
FIG. 1B may be slightly larger than the diameters of the
domains in FIG. 1A, but this difference, if any, would
be very small. Also, an adjustment of the stabilizing bias
field Hz (FIG. 3) can be made to maintain the domain
diameter.

The domain array of FIG. 1A is used for high density
storage, while the domain array of FIG. 1B is used for
all other functions necessary in a bubble domain mem-
ory system. Such functions include writing, reading,
and annihilation. As will be apparent, these functions
are more readily achieved with the lattice of FIG. 1B,
because the spacings between the interactive elements
are greater. In fact, the spacings between the elements
in FIG. 1B are almost great enough that the elements
are isolated from one another. Thus, circuitry conven-
tionally used for magnetic bubble domain systems,
where the spacing of domains is 3-444, can be harmoni-
ously used with a lattice having the spacing of that
shown in FIG. 1B.

FIGS. 2A and 2B illustrate a tightly packed lattice
and an expanded lattice, respectively. The lattice in
FIG. 2A is a tightly packed lattice which will be al-.
lowed to expand in the direction of arrows 22 and 22'.
This is an expansion along a single dimension as op-
posed to the expansion of FIG. 1B which is in two
dimensions. Thus, the lattice of FIG. 2B is obtained
where the spacings between elements in different col-
umns is larger than the quantity a. For instance, a spac-
ing a' of about 3d is suitable.

In order to contain expansion of the lattice along only
a single dimension, a barrier is provided to prevent
expansion along the transverse direction in FIG. 2B.
This barrier is conveniently comprised of conductors 24
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which carry currents establishing magnetic fields tend-
ing to keep the bubble domains from moving outwardly
along a direction transverse to the direction indicated
by arrows 22 and 22'. If desired, the barrier can be
provided by an etched groove in the magnetic bubble
domain material, by a magnetic overlay, or by any other
structure that provides a magnetic restraining force.
These and other types of barriers are described in great
detail in the aforementioned copending application Ser.
No. 395,336. Expansion/Contraction Structures (FIGS.
3, 4A, 4B)

These drawings illustrate suitable structures for pro-
viding contraction and expansion of a bubble domain
lattice. Essentially, they operate on the principle that
magnetic bubble domains in a lattice can be brought
closely together or spaced farther from one another by
magnetnc forces of variable amplitude. Thus, the lattice
is treated as a spring which can be expanded or con-
tracted in one or multiple dimensions.

In FIG. 3, a lattice L of bubble domains B is tlghtly
packed within confinement means L1. This confine-
ment means is conveniently a current carrying conduc-
tor through which electrical currents can flow to estab-
lish confining magnetic fields which hold the domains B
within the boundary of conductor L1, Such a confine-
ment means has been described in aforementioned co-
pending application Ser. No. 395,336. Also shown in
FIG. 3 are larger conductor loops L2 and L3 which are
located outside conductor L1, Current through these
loops is used to create confining magnetic forces for
holding magnetic bubble domains within the boundaries
of these loops. Thus, bubble domains B can be con-
strained within the boundary of loop L2 and w1thm the
boundary of loop L3.

Loop L1 is connected to current source' 26, which
provxdes current I1, while loop L2 is connected to cur-
rent source 28, which provides current 12. Other con-
‘finement means L3 is connected to current source 30
" which provides current I3, These current sources are in

turn controlled by a control unit 32,

Located within confinement means .1 are a plurality
of magnetic elements 34, which can typically be com-
prised  of a magnetically soft material such as NiFe.

"Thése magnetic elements 34 hold magnetic bubble do-
mains which themselves provide: confining forces on
- bubble domains in interior positions to the outer edge of
"bubble domains in lattice L. Thus, a passive type of
confinement is provided which lessens the current re-
quirements in conductor loop L1. i

In operation, the lattice L can be contracted. to fit
within conductor loop L1 and can be expanded to oc-
cupy all of the space within conductor L.3. Thus, the
dashed circles 36 illustrate bubble domain positions
when the lattice L is relaxed to occupy the area within
loop L3, rather than being tightly packed within loop
L1. As is apparent, the bubble-bubble spacing is then
highly relaxed to allow easier manipulation of the do-
mains in the lattice for provision of the various storage
system functions.

FIG. 3 also shows a shift register SR which is indi-
cated by the stippled portion of the drawing. This regis-
ter is used to move other domains B’ to positions where
they can be entered into the lattice when necessary.
Correspondingly, domains B which occupy positions 36
can be removed from the lattice to the area of the shift
register and then taken away from the lattice, if it is
desired to enter new information into the lattice. As is
shown in aforementioned application Ser. No. 395,336,
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new information can be entered into the lattice when
other information is removed from it, by another shift
register on the opposite side of the lattice. Thus, the
number of domains in the lattice will be maintained.

The register SR can be located in another layer than
that used for the conductors Li-L3, as will be more
clear from FIG. 6. Such a technique is also shown in
copending application Ser. No. 395,336. The current
carrying conductors T1 and T2 are transfer conductors
which are used to move bubble domains B’ into lattice
positions 36, or are used to remove domains B from lattice
positions 36 into the shift register. Currents in the trans-
fer conductors create magnetic fields which shift mag-
netic bubble domains to the right or to the left and over-
come the confinement forces produced by current in loop
L3. These access operations are easily provided by cur-
rent carrying conductors and are illustratively described
in copending application Ser. No. 395,336. As mentioned,
the domains B’ can be entered into the expanded lattice
on the lefi-hand side of the diagram while another shift -
register can be provided on the right-hand side of the
lattice for receiving domains removed from the ex-
panded lattice. In this case, other transfer conductors
would be provided on the right-hand side of the lattice
so that domains can be removed from the expanded
lattice and put into the expanded lattice at the same
time.

Currents in conductors T1 and T2 are provided by
transfer current source 37, which is also controlled by
unit 32, A bias field source 38 provides a bias field H,for
stabilizing domain size. Various bias field magnitudes .
across the entire magnetic medium 20 are shown in

-aforementioned Ser. No. 395,336.:

Since the domains in the expanded lattice are spaced
quite far from one another, their interactions are mini-
mal. Additionally, their spacings:are approximately the
spacings which are used in conventional bubble-domain

" propagation structures. Therefore, the bias field re-

quirements and circuit design of the shift registers is less
complex, and a greater reliance can be placed on con-

. ventional propagation structures. ‘Further, the confine-
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ment forces used to hold bubble domains in a highly
expanded lattice are less than those required to hold
bubble domains in a tightly packed lattice. Therefore,
the magnitude of the current I3 need not be as great as
that of 12, which in turn need not be as great as I1.
Again, this is an aid in circuit design since it provides
less stringent requirements on the currents in the trans-
fer conductors I1 and T2. Also, adverse magnetic field
interactions between the fields produced by the propa-
gation structures, the transfer conductors, and the con-
finement conductors is minimized.

FIGS. 4A and 4B show the types of waveform that
can be used to provide contraction of the lattice and
expansion of the lattice, respectively, As was men-

. tioned, the magnitudes of the currents 11, 12, and I3 can
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be varied from one another, aithough they are shown as
having the same maximum currents in FIGS. 4A and 4B
for reasons of simplicity.

In more detail, it is initially assumed that a relaxed

‘bubble domain lattice is containéd in the area within

conductor L3 by magnetic fields produced by current

13. This current increases so that greater confinement

forces are provided by conductor L3. This means that
the .domains start moving closer to one another and
farthér away .from L3, so that they will be under the
influence of magnetic fields produced by currents in
conductor L2, Thus, current 12 begins to increase, so
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that the magnetic forces produced by I2 become the
confining barrier forces for the domains B. As time
continues, the domains are brought more closely to-
gether until the entire confinement forces are provided
by current 11, together with a contribution from the
magnetic elements 34,

FIG. 4B illustrates the situation where a lattice L is
initially tightly within the boundary of conductor L1. In
order to relax the lattice, current I1 is reduced so that
the domains are less confined and begin to move farther
away from each other. At the same time, current 12
begins to increase in:order to provide the necessary
confinement forces for preventing the domains from
going beyond the boundary of L2. After a period of
time, current I3 begins to flow in conductor L3, so that
conductor L3 will provide the necessary confinement
force when current 12 begins to decrease, thereby al-
lowing the domains to move farther from one another
to occupy the full area within conductor L3.

As an alternative to the approach described with
respect to FIG. 3, magnetic stripe domains can be pro-
vided around the boundaries of the lattice in the manner
shown in FIG. 11B, These stripe domains can be gener-
ated and annihilated to provide expandable and con-
tractable buffer zones for expansion and contraction of
a lattice. This type of approach was shown in a one-
dimensional basis in aforementioned copending applica-
tion Ser. No. 429,601, where the column accessing tech-
nique was described. Thus, stripe domains which act as
springs can be made larger or smailer to provide con-
traction and expansion, respectively, or a number of
stripe domains in a buffer zone can be increased or
decreased to provide contraction and relaxation of the
lattice.

Accessing (FIG. 5)

FIG. 5 shows miost of the structure of FIG. 3, with
some of that structure omitted for ease of explanation.
This figure indicates the various types of accessing that
can be utilized for changing information in the system,
if desired.

In FIG. 5, the lattice L is shown within conductor L1
and two shift registers SR1 and SR2 are provided as
indicated by the stippled regions. These registers have
generators G1 and G2 associated therewith, as well as
sensors S1 and S2. Registers SR1 and SR2 are used to
move magnetic bubble domains in the directions indi-
cated by arrows 40, Thus, domains in the registers can
be moved in two directions in these registers, although
movement from the generator to the sensor of the asso-
ciated register is generally utilized.

Register SR1 is located between conductors L3 and
L2 while register SR2 is located between conductors
L1 and L2, Thus, these registers are spatially within the
lattice areas as opposed to the register SR of FIG. 3.
The registers themselves can be located on other levels
than the level used for the conductors L3, 1.2, and L1.
The register can be the type of column accessing regis-
ters described more fully in copending applications Ser.
No. 429,602, filed Jan. 2, 1974, now U.S. Pat. No.
3,913,079, and aforementioned Ser. No. 429,601. In this
type of register, a pumping action is used to move do-
mains from positions within the lattice. Generally, a
generator is located on one end of the register in order
to provide new information for entry into the lattice
while a sensor is located on the other end of the register
for sensing information taken out of the lattice. The
registers are magnetically closed at one end so that,
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when localized magnetic fields are applied to some of
the domains in the register, these domains will expand
and exert forces on the domains at the magnetically
closed end. When the magnetic closure is released, the
domains previously held will be moved along due to the
force of the domains which have been expanded by the
aforementioned local field. Thus, unidirectional motion
can be achieved. '

Column accessing of the type described in the afore-
mentioned copending application can be utilized in
FIG. 5 to access domains, if such is desired. Since the
accessing can occur in a lattice which is not tightly
packed, the constraints on that type of accessing are
somewhat alleviated. Additionally, because the do-
mains in the expanded lattice have larger interdomain
spacings, a register of the type more conventionally
known (such as a conductor loop register) can also be
utilized.

FIG. 6

FIG. 6 is a side view of a composite structure show-
ing the various layers used to provide the functions
associated with a complete system. In this diagram, a
substrate 42 has an electrical layer 44 therein, which can
be used to provide the shift register functions. Substrate
42 can be any convenient material, such as glass or other
materials. Located on layer 44 is an insulation layer 48,
such as SiO,. The bubble domain material, such as
amorphous layer 48, is then provided in which the lat-
tice of bubble domains will exist. Located over amor-
phous magnetic material 48 is another layer of electrical
conductors 50 which is used to define the confinement
means L1, 1.2, L3, and the transfer conductors T1 and
T2. Layer 50 is generally coated with an insulation layer
52 over which is deposited a layer 54 comprised of
magnetic elements such as are required for the read and
write operations. Also, the conductors used for these
elements can also be in this layer.

The exact arrangement of the individual layers rela-
tive to one another is not critical. Also, if a single crystal
garnet substrate is used, the bubble domain layer can be
a garnet material and garnets can also be used for the
insulation layers. In this case, the confinement and
transfer conductors can be located in one electrical
level which is insulated from another electrical level
having the conductors used for the read and write cir-
cuits. Still another level can be comprised of magnetic
elements used for the generators and sensors. This mag-
netic layer is conveniently located between one of the
conductor layers and the bubble domain medium, or is
located over an insulating layer deposited on the bubble
domain medium. FIG. 10 is exemplary of this type of
fabrication layout.

Bubble Domain Sensing (FIGS. 7-9)

These figures illustrate three different types of sense
circuits which can be used to detect bubble domains in.
an expanded lattice array. These sensing techniques can
be used to detect different wall magnetization proper-
ties of the domains within the lattice to thereby read the
information contained in the lattice. In more detail,
FIG. 7 shows a system in which magnetic bubble do-
mains are coded in terms of their wall magnetization
rotation, in a manner more fully described in aforemen-
tioned copending application Ser. No. 375,289, filed
June 29, 1973, now U.S. Pat. No.3,890,605. In that type
of coding, bubble domains are deflected at different
angles in a gradient magnetic field normal to the bubble
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domain medium depending upon the number of rota-
tions of their wall magnetization as one proceeds
around the periphery of the domain wall. Thus, do-
mains are detected by observing their angle of deflec-
tion in the gradient magnetic field.

As an example, three domains B are shown in the
magnetic medium 20, These domains are part of the
expanded lattice L of domains which has been stored in
that magnetic medium. As the lattice is expanded, mag-
netic field gradients are produced by the conductors
L1-L3. Thus, the domains will follow paths which
depend on their behavior in the gradient magnetic field
in accordance with the principles just described. If these
domains are binary coded, each domain will follow one
of two paths in the gradient fields. One path is indicated
by arrow 56 while a second path is indicated by arrow
58. Consequently, domains can be detected by provid-
ing a magnetic sense chip, generally designated 60,
which contains a plurality of sensors spatially located so
that only domains following certain paths of deflection
will be detected. In the example shown in FIG. 7, do-
mains which deflect along path 58 will be detected by
the sensors located in chip 60. Domains which follow
path 56 will not be sufficiently close to couple their
magnetic flux to the underlying sensors and will there-
fore not produce voltage output signals. Consequently,
the sense chip will provide an indication of the state of
all domains in each column of domains in the expanded
lattice in accordance with the response of the individual
sensors in the sensing array.

In more detail, sense chip 60 is provided by a suitable
substrate 62 (such as glass) which has a plurality of
magnetoresistive sensors A1, A2, A3, ..., Bl, B2, B3,
. .., etc. Connecting the various sensors are conductor
word lines W1, W2, . . . and sense lines S0, S1, S2, S3,

. By pulsing appropriate word conductors W and
sense conductors S, selected ones of the sensor elements
can be read to determine their state. This will be more
apparent when a more full description of FIG. 13 is
given later in the specification.

Associated with the circuitry of FIG. 7 are the sense
drivers 64 which provide current inputs to lines S0, S1,
S2, ... and the word drivers 66 which provide word
current to the word lines W1, W2, . . . . Sense driver 64
and word driver 66 are under control of a control cir-
cuit 68 which selectively sends current pulses along the
proper conductors. Control 68 also provides timing and
synchronization signals to the current sources 26, 28
and 30 shown in FIG. 3 and to the shift registers shown
in FIGS. 3 and 6. Synchronization circuit 69 provides
signals to control units 68 and 32 (FIG. 3) to properly
synchronize their operation. If desired, a single control
circuit can be used to provide the proper timing signals
to all of the current sources required for functions such
as transfer, bubble domain propagation, confinement,
generation, sensing, and annihilation.

Since the domains in an expanded lattice are well
separated from one another, the sensing array is easily
provided using conventional fabrication techniques.
Further, since the exact positions of the bubble domains
with respect to one another are not critical in the ex-
panded lattice, the amount of separation due to the
various deflection paths 56 and 58 can be maximized.
When it is desired to contract the lattice, the uniform
magnetic fields applied easily contract the relaxed lat-
tice so that the domains are in positions which will
allow them to be brought into tight packing relationship
in the final stage of lattice contraction. That is, the
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difficulty of contraction is minimal when the lattice is
expanded and therefore variations in domain positions
due to the sensing or generation operations have a mini-
mal effect on overall stability.

FIG. 8 shows a sensing technique in which the mag-
netic field gradients used to deflect the lattice bubble
domains are provided by a scan chip 70, that utilizes a
scanning bubble domain SB. The scanning bubble do-
main is produced by a generator 72, and follows a path
indicated by the meandering arrow 74. This path is
provided by conventional shift register elements so that
the scanning bubble domain passes each of the bubble
domains B in the expanded lattice of magnetic medium
20. Thus, the scanning domain provides a magnetic field
which tends to deflect the domains B which are in turn
sensed by the sense chip elements Al, A2, etc.

While the path of the arrow 74 is shown as being
along one direction for one row of lattice domains and
in the opposing direction for the next adjacent row of
lattice domains, it should be understood that each row
of lattice domains can be scanned in the same direction
by the domain SB. The domains in the expanded lattice
are sufficiently far apart that the scanning bubble do-
main can loop back to the sanie side of the scan chip 70,
in order to scan each row of lattice domains in a same
direction. Alternatively, any number of scanning bubble
domains can be provided so that each row can be
scanned at the same time, if desired.

As with the apparatus of FIG. 7, conventional control
circuitry is provided to activate the sense chip 60 and to
synchronize the operation of the scan chip 70 with the
readout provided by sense chip 60.

FIG. 9 shows a double magnetic layer structure in
which the lattice domains are located in the magnetic
layer 20, while information carrying domains are lo-
cated in an adjacent magnetic layer 80. The information
domains are generally designated B; They are pro-
duced by a domain generator 82, which in this case is a
current conducting loop 84 and a magnetic element 86,
This nucleator will provide bubble domains in magnetic
medium 80 when current is present in conductor 84,
The current produces a magnetic field at the end of
magnetic element 86 which in turn nucleates a domain
in magnetic material 80, as is well known in the art. Any

number of these domain nucleators can be provided to

produce the information domains B;.

The information domains B; are magnetostatically
coupled to the lattice domains B in layer 20. Therefore,
the spacing of the information domains will correspond
to the spacing of the lattice domains L. Rather than
having the lattice domains be coded, coding in the appa-
ratus of FIG. 9 is provided by the conventional presen-
ce/absence of information domains B;. Since these do-
mains are coupled to the domains B, they will have the
spacing of the lattice domains when the lattice is ex-
panded. To provide sensing of the information domains,
a plurality of magnetoresistive sensors is located so that
they are over each domain position corresponding to a
position of the domains in the lattice L. Each of the
magnetoresistive sensors 88 is connected similarly to
the manner of arrangement of sensors Al, ..., B1,...
shown in sense chip 60 of FIG. 7. Therefore, not all of
the electrical connections are shown in FIG. 9, for ease
of drawing.

To sense information using the apparatus of FIG. 9,
the lattice L is expanded. This causes the information
domains to expand their spacings and will bring them to
positions adjacent to the magnetoresistive sensors 88,
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However, since coding is in terms of the presence and
absence of domains B;, only those sensors 88 which
have domains B;in flux coupling proximity thereto will
provide voltage outputs when the sensing array is
scanned by coincident currents. Therefore, binary cod-
ing is provided without having to rely on different mag-
netic properties of domains in the lattice.

Thus, various techniques have been shown for writ-
ing and sensing domains in a lattice whose inter-element
spacing can be varied for provision of certain functions.
In addition to the coding shown, domains can be coded
in terms of pure chiral states. That is, the wall magneti-
zation in the domains can be in a uniform direction
around the periphery of the domain wall as is described
in aforementioned copending application Ser. No.
395,336. For this type of coding, in-plane magnetic
fields are used to provide different deflections of the
domains to distinguish chiral states, and such fields can
easily be provided using conductors or magnetic ele-
ments in the manner described in that copending appli-
cation.

While annihilation has not been shown in detail, do-
mains taken from the lattice can be annihilated in con-
ventional ways after sensing. Additionally, arrays of
magnetic elements or conductors can be utilized to
provide localized magnetic fields for collapse of indi-
vidual domains in the expanded lattice or for collapse of
the entire lattice. Such arrays can be similar to the nu-
cleator 82 shown in FIG. 9, where such nucleators are
provided in a plurality of locations for producing mag-
netic fields of the proper magnitude and direction to
collapse bubble domains B in an associated lattice layer.
Arrays of this type are shown in FIG. 12, and will be
more carefully described in the discussion of that FIG.

MOVABLE FIXED LATTICE (FIGS. 10-14)

In this embodiment, the inter-domain spacings in the
lattice are preferably maintained while the lattice is
shifted back and forth to bring information domains
coupled to the lattice domains into and out of work
areas where various memory functions are defined. The
memory functions such as read, write and annihilation,
are performed on domains in the information layer, the
lattice being used for conveyor purposes, in the manner
previously described with respect to copending applica-
tion Ser. No. 429,601. Thus, the lattice domains do not
have to be coded for representation of information, and
do not have to be removed from the lattice for the read
operation.

FIG. 10 shows a side view of a composite film struc-
ture 90 which indicates the various layers that comprise
the overall information handling apparatus. On the
substrate layer 92 is a lattice layer 94 which is a mag-
netic medium in which the lattice bubble domains exist.
This is designated as a conveyor, since the function of
the lattice domains is to convey domains which are in
the information layer and which represent the actual
information in the information handling apparatus. An
insulation layer 96 is deposited on lattice layer 94 and
serves as a substirate for the second magnetic bubble
domain layer 98. Layer 98 contains the information
bubble domains and is the information layer in this
structure.

In a sitvation where garnet structure bubble domain
materials are desired, the substrate 92 can be a non-mag-
netic rare earth garnet, such as GGG, while the con-
veyor 94 is a magnetic rare earth iron garnet material
which is substantially lattice matched to the substrate
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92, In the case of garnet bubble domain materials, insu-
lation layer 96 is conveniently another non-magnetic
garnet material, such as GGG, which is lattice matched

_to layer 94, This allows formation of another rare earth

iron garnet material for the information layer 98, Again,
the layer 96 is a single crystal so that a single crystal
garnet material can be grown as the information layer
98, Techniques for providing these layers by processes
such as liquid phase epitaxy are well known in the art.
Additionally, the compositions of suitable garnet mate-
rials for both the substrates and the bubble domain lay-
ers 94 and 98 are also well known. References which
describe magnetostatically coupled garnet films include
Y. S. Lin Et al,, Appl. Phys. Lett. Vol. 23, No. 8, Oct.
15, 1973, p.485, and Y. S. Lin et al., J. Appl. Phys. 45,
No. 9, September 1974, p.4084. Amorphous magnetic
films can also be used for the bubble domain layers.

Located over information layer 98 is a sensing layer
100, which is typically comprised of magnetic elements
such as NiFe. This layer is used for sensing the informa-
tion bubble domains in layer 98 as will be described
later.

Located over layer 100 is a conductor layer 102,
which is used to provide the electrical signals used for
the read and write functions.

An insulation layer 104 is deposited on layer 102 in
order to electrically insulate the conductors of layer 102
from the subsequently formed conductor layer 106.
Insulation 104 is conveniently SiO,.

The electrically conducting layer 106 includes the
conductors which are used for functions such as trans-
fer of bubble domains and movement of bubble domains
in the lattice conveyor layer.

Thus, the apparatus for the movable fixed lattice com-
prises various functional layers which include the re-
quired electrical conductors as well as the magnetic
elements typically used for read and write operations.
Coding is in the form of the presence and absence of
domains in information layer 98, and the spacing of
these information domains is dependent on the spacing
of the domains in the lattice layer 94, Therefore, high
density spacing of the information domains is achieved
because the lattice domains can be tightly packed. In
this structure, the various memory functions are
achieved in an advantageous manner relative to prior
art schemes because domains do not have to be put into
the lattice or removed from the lattice in order to pro-
vide such typical memory functions as read, write and
annihilate. As will be more apparent, various overlay
patterns are used to provide these functions and such
features as block accessing are readily obtainable, in
contrast with serial accessing which is presently used in
the prior art techniques.

FIG. 11A illustrates the lattice conveyor function. In
this drawing, part of the magnetic layer 94 is used for a
lattice of bubble domains as is indicated by boundary
107. This lattice can be moved to the left or to the right
in the direction of arrows 108 to bring the lattice do-
mains B into and out of the work areas 1 and 2. Move-
ment of the lattice domains in this manner means that
information domains which are magnetostatically cou-
pled to the lattice domains will also be shifted to either
the left or the right. When the information domains are
shifted to the left to be in positions corresponding to the
work area 1, functions such as write, read and annihilate
can be performed. Correspondingly, these functions can
be performed on the information domains when they
are shifted to the right to be in positions corresponding
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to work area 2, Thus, half of the columns of information
domains can be addressed in work area 1 while the
other half of the columns of the information domains
are addressed in work area 2,

In FIG. 11A, movement of the lattice in the direction
of arrows 108 is conveniently provided by magnetic
fields established by currents in the sweeper conductors
C1, C2, C3, and C4. These are wide conductors having
widths at least equal to about 2 or 3 columns of lattice
domains. As is explained in copending application Ser.
No. 395,336, currents in these conductors provide mag-
netic field gradients which move columns of lattice
domains in a direction determined by the magnetic field
gradient. Of course, this is determined by the direction
of currents in these conductors. Control circuitry is
conveniently provided for the current sources con-
nected to the conductors for properly timing the onset
of current pulses in the sweeper conductors. This opera-
tion is well understood and is described in detail in
copending application Ser. No. 395,336.

FIG. 11B illustrates another technique for shifting the
lattice L to the left or the right. In this technique, buffer
zones 110 and 112 are provided. These buffer zones
contain stripe domains 114 which can be made large or
small, or can be split by the overlying conductors 116
and 118, Thus, the stripe domains act as springs which
can be made larger or smaller to cause the lattice to be
shifted to the left or the right. For instance, if the stripe
domains in buffer zone 110 are made larger while the
stripe domains in buffer zone 112 are made smaller, a net
force to the right will exist and the lattice domains B
will be shifted to the right to work area 2, If the reverse
is true, the domains will be shifted to the left to work
area 1, This type of stripe domain expansion and con-
traction mechanism for movement of the lattice is de-
scribed in aforementioned copending application Ser.
No. 429,601, as well as in copending application Ser.
No. 494,940, filed Aug. 5, 1974. Additional buffer zones
can be provided along the other two edges of the lattice
in order to provide two-dimensional shifting, if desired.
This is another technique for expansion and contraction
in one or two dimensions, and can be used for varying
the interactive spacing between the domains.

FIG. 12

FIG. 12 shows an overlay pattern which can be used
to provide nucleate (write) and annihilate (clear) func-
tions in order to change information in the bubble do-
main layer 98.

In more detail, layer 98 is located below an array 120
which is comprised of magnetic elements 122 which
have various conductor lines associated therewith. In
this case, sixteen digit lines D1, D2, . .., D16 are pro-
vided which run vertically in the drawing, while 16
selection lines S1, S2, . . ., S16 are provided which run
in a transverse direction. The digit current lines are
connected to a digit current source 124 while the selec-
tion lines are connected to a selection current source
126. These current sources operate under control of
control unit 128. Control unit 128 enables the current
sources 124 and 126 to provide coincident currents
along these various digit lines and selection lines in
order to establish magnetic fields which couple the
magnetic elements 122, Thus, any of these magnetic
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a magnetic field which couples to domains located in
the information layer 98. Depending upon the strength
and direction of these magnetic fields, new domains can

16 :
be written in the information layer, or domains already
existing in that layer can be annihilated. Thus, the write
and annihilate functions are obtained.

In FIG. 12, 256 shift registers are illustratively present
in the information layer 98. This is designated by the
right-hand column labeled SR and the numbers SR1,
SR2, ..., SR49, ... SR256.

The combination of the magnetic elements 122 and
the overlying digit lines and selection lines provides
domain nucleators and annihilators in a manner well
known in the art. For instance, if a current is present in
digit line 16 at the same time a current is present in
selection line 1, a magnetic field of sufficient magnitude
will couple to the magnetic element 122’ located at the
intersection of these conductors. In a manner well -
known in the art, a magnetic field normal to the plane of
layer 98 will be produced of sufficient magnitude to
either nucleate a domain in layer 98 or annihilate a
domain located directly below the magnetic element
122, Thus, the write and clear functions can be per-
formed on individual domains in layer 98.

The array 120 is provided in work areas 1 and 2 in
order to be able to perform the write and clear functions
on all columns of information domains. Thus, if the
lattice is shifted to the left, half of the columns of infor-
mation domains will be brought into work area 1 where
the write and clear functions can be performed, while if -
the lattice is shifted to the right to bring the information
domains into work area 2, a corresponding array 120
can be used to provide the write and clear functions on
the domains in work area 2. As will be appreciated,
block writing or annihilation can occur using the array
120. It is not necessary to remove domains from the
underlying lattice in order to read or change informa-
tion. This operation is done in the information layer
while the lattice is maintained, and those operations can
be performed either serially or in parallel.

FIG.13

FIG. 13 illustrates a sensing array 130 which is con-
tained in layers 100 and 102 as shown in FIG. 10, That
is, the individual magnetoresistive sensor elements are
typically comprised of NiFe (permalloy) which is pre-
sent in layer 100, while the associated word lines and
sense lines are present in layer 102.

The sense array 130 can be used to provide random
selection of sensors corresponding to various shift regis-
ters in the information layer 98. Also, serial readout
within each shift register is possible using the array 130.

As was described with respect to FIG. 12, informa-
tion layer 98 contains domains B; which are present in a
plurality of shift registers, herein designated SR1, SR2,
..., SR49,..., SR256. Bubble domains B;can be shifted
to the right or left as indicated to bring them to posi-
tions corresponding to the sensors in array 130,

Sense array 130 is comprised of a plurality of mag-
netoresistive (MR) sensors 132 which are electrically
connected to word lines and sense lines. In the particu-
lar case shown, where 256 shift registers are provided in
information layer 98, 16 word lines W1, W2, ..., W16
are used and 16 sense lines S'1, §'2, .. ., S'16 are used.
The word lines are connected to a word current source
134 while the sense lines are connected to a sense cur-
rent source 136, Current sources 134 and 136 operate
under control of control unit 138, In operation, coinci-
dent selection techniques are used to serially readout
information contained in the various shift registers SR1
...SR49... SR 256. For instance, if it is desired to read




4,052,711

17

out SR49, a word current 1,,is applied on word line W1
at the same time as a sense current I is applied on sense
lines $'3 and $'4. This produces a current through MR
sensor 132’ which detects the presence and absence of
domains B;in SR49. In the sense array 130, the output
lines are connected across a sense amplifier 140 for
amplification of the resultant signals.

Thus, the information domains B;are read by circuits
which do not disturb the magnetic coupling between
the information domain and the domains B in the under-
lying lattice layer. Further, domains do not have to be
removed from the lattice in order to provide a read out
operation. Thus, the normal accessing circuitry is not
required and the attendant problem of moving domains
into and out of a tightly packed lattice against the vari-
ous confinement forces used is also not required.

FIG. 14

FIG. 14 is a schematic overview which illustrates the
spatial locations of the various elements with respect to
one another. In this view, the write/clear array 120 is
located over the left-hand area of the lattice, while the
sense array 130 is located over the right-hand side of the
lattice. The boundaries of the lattice and its motion are
determined by the lattice confinement 142 which is
shown here as a heavy dashed line. This confinement is
any general confinement structure, including etched
grooves in layer 94, current carrying conductors, mag-
netically soft elements, etc. The sweeper conductors
C1-C4 or the domain buffer zones shown in FIG. 11B
are not shown in this drawing for ease of illustration. As
was stated, they are used to shift the lattice back and
forth in order to bring the magnetically coupled infor-
mation domains B; into and out of the various work
areas.

What has been shown is a lattice system which gener-
ally maintains the lattice and provides total memory
operations without having to move domains into a lat-
tice or remove domains from the lattice. In most opera-
tions illustrated here, such operations can be directly
performed without requiring the aforementioned lattice
accessing. It it is desired to access domains in the lattice,
as for example when the coded information in the lattice
is to be modified, techniques are shown for doing this by
structure which does not have the tight margins of the
structure used in the prior art.

As is apparent to those of skill in the art, the interac-
tive elements need not be magnetic bubble domains but
could be any type of elements having stray fields asso-
ciated therewith which cause interactions between the
elements. These interactions establish repulsive forces
tending to keep the interactive elements spaced from
one another in order to define the lattice. Further, any
type of coding can be provided when it is desired to
have the domains in the lattice coded. An adjacent
information layer can be provided for use with the
movable fixed lattice when it is desired to use conven-
tional coding techniques, as for instance coding in terms
of the presence and absence of the interactive elements.
Thus, a lattice system is provided which seeks to utilize
the inherent flexibility and stability of the lattice itself to
provide improved system performance. As such, this
invention distinguishes from the prior art where ele-
ments are taken from the lattice for performance of
many memory functions.

What is claimed is:

1. A magnetic bubble domain lattice system, compris-
ing:
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means for producing a stationary lattice of spaced,
interacting bubble domains coded to represent in-
formation in a magnetic medium,

means for changing the spacing between said bubble

domains in said lattice while maintaining the num-
ber of bubble domains and their relative positions in
said lattice, ‘

means for sensing said bubble domains after said spac-

ing is changed to sense said information.

2. The system of claim 1, where said means for sens-
ing is an array of sensors.

3. The system of claim 1, where said means for chang-
ing includes means for expanding and contracting the
spacing between domains in said lattice.

4, The system of claim 1, further including means for
putting domains into said lattice after said spacing is
changed. ‘

5. The system of claim 1, further including a second
magnetic medium having magnetic bubble  domains
therein which are magnetically coupled to said domains
in said lattice.

6. The system of claim 1, where said means for chang-
ing includes field means for providing different mag-
netic fields on the domains within said lattice.

7. The system of claim 6, where said field means in-
cludes electrical conductors.

. 8. The system of claim 6, where said field means in-
cludes buffer zones having stripe domains therein.
9. An apparatus using interactive elements, compris-
ing: .
means for producing a lattice of N interactive ele-
ments spaced from one another and interacting with
one another which.occupies a given area, said ele-
ments being coded to represent information,

means for changing the size of the area occupied by
said lattice of N interactive elements while main-
taining all of said elements in said lattice,

sense means for sensing said elements in said lattice to

read said information.

10. The apparatus of claim 9, where said interactive
elements have stray fields associated therewith.

11. The apparatus of claim 9, further including means
for producing forces on said elements within said lat-
tice.

12, The apparatus of claim 9, where said means for
changing includes means for increasing and decreasing
the area occupied by said lattice.

13. The apparatus of .claim 12, further including
means for putting ifnteractive elements into said lattice
and means for removing interactive elements from said
lattice. .

14. The apparatus of claim 12, where said means for
changing includes means for maintaining the shape of
said lattice when its area is changed.

18. The apparatus of claim 12, where said sense means
senses said elements after said lattice area is increased.

16. A method for reading information represented by
coded interactive elements in a lattice of such elements,
said method including the steps of

expanding the equilibrium spacing between the ele-

ments in said lattice to relax said lattice while main-
taining the same number of elements in said lattice,
and

detecting the information represented by said coded

interactive elements after said lattice is relaxed.

17. The method of claim 16, where said elements are
magnetic bubble domains.
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18. The method of claim 16, including the further step
of decreasing the equilibrium spacing between said
elements after said detection step.

19, The method of claim 16, where said information is
detected while said elements are in said lattice.

20. The method of claim 16, including the further step
of taking elements to be detected out of said lattice prior
to said detecting step.

21. An apparatus, comprising:

means for producing a lattice of interactive elements

which are spaced from one another by an element-
element equilibrium spacings ag, said elements inter-
acting with one another and tending to repel one
another,

means for relaxing said lattice by increasing the ele-

ment-element equilibrium spacing between said
elements in said lattice to a new value a; > gpwhile
retaining the same numnber of elements within said
lattice,

means for removing said elements from said relaxed

lattice,

means for entering elements into said relaxed lattice,

means for contracting said lattice by decreasing the

element-element equilibrium spacing between said
elements in said lattice while retaining the same
number of elements within said lattice.

22. The apparatus of claim 21, including means for
detecting elements taken from said relaxed lattice.

23. The apparatus of claim 21, further including addi-
tional interactive elements which are coded to represent
information, said additional elements being coupled to
interactive elements in said lattice.

24. The apparatus of claim 21, where said elements
are magnetic bubble domains.

. 25. A memory apparatus using magnetic bubble do-
mains for representing information and exhibiting the
functions of storage, writing, and reading, comprising;:

storage means for storing said bubble domains in a

lattice of said bubble domains, said lattice being
characterized by high density packing where the
bubble domains in said lattice are interacting with
one another,

means for relaxing the packing of said lattice while

retaining the same number of bubble domains in
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said lattice to provide a lattice having a lesser den-
sity,

means for writing new information into said apparatus
and means for reading information, when said lat-
tice is relaxed to its lesser density.

26. The apparatus of claim 25, where said bubble
domains in said lattice are coded to represent informa-
tion. :

27. The apparatus of claim 25, where said writing
means includes an array of magnetic bubble domain
generators for producing magnetic bubble domains, and
said reading means includes an array of magnetic bubble
domain sensors for detecting said domains.

28, A composite structure comprised of a plurality of
layers, said composite including:

a first layer of magnetic bubble domain material in

which bubble domains can be moved,

a second layer of magnetic bubble domain material,

a third layer comprising means for producing a lattice
of magnetic bubble domains in said first layer,

a fourth layer comprising means for shifting said lat-
tice of bubble domains in said first layer,

a fifth layer including means for generating second
magnetic bubble domains in said second layer, said
second bubble domains being magnetically coupled
to said first magnetic bubble domains in said lattice

“and being movable in said second layer in response
to the movement of coupled magnetic domains in
said first material,

a sixth layer comprising means for sensing said second
bubble domains in said second layer, said sensing
occurring while said first bubble domains are re-
tained in said lattice.

29, The composite structure of claim 28, including
means for annihilating second magnetic bubble domains
in said second layer.

.30. The composite structure of claim 28, further in-
cluding means for coding said second bubble domains in
terms of the presence and absence of said second bubble
domains.

31. The composite structure of claim 28, including
means for retaining said first bubble domains in said
lattice during all operations on domains in said second

layer of magnetic material.
® & x & %
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